Two Different Types of Light-Dependent Responses to Magnetic Fields in Birds  by Wiltschko, Roswitha et al.
Current Biology, Vol. 15, 1518–1523, August 23, 2005, ©2005 Elsevier Ltd All rights reserved. DOI 10.1016/j.cub.2005.07.037
Two Different Types of Light-Dependent
Responses to Magnetic Fields in BirdsRoswitha Wiltschko,1,* Thorsten Ritz,2
Katrin Stapput,1 Peter Thalau,1
and Wolfgang Wiltschko1
1Zoologisches Institut
J.W.Goethe-Universität
D-60054 Frankfurt a.M.
Germany
2Department of Physics and Astronomy
University of California, Irvine
Irvine, California 92697
Summary
A model of magnetoreception [1] proposes that the
avian magnetic compass is based on a radical pair
mechanism, with photon absorption leading to the
formation of radical pairs. Analyzing the predicted
light dependency by testing migratory birds under
monochromatic lights, we found that the responses
of birds change with increasing intensity [2]. The
analysis of the orientation of European robins under
502 nm turquoise light revealed two types of re-
sponses depending on light intensity: under a quantal
flux of 8·1015 quanta m−2 s−1, the birds showed normal
migratory orientation in spring as well as in autumn,
relying on their inclination compass [3]. Under
brighter light of 54·1015 quanta m−2 s−1, however, they
showed a “fixed” tendency toward north that did not
undergo the seasonal change and proved to be based
on magnetic polarity, not involving the inclination
compass. When birds were exposed to a weak oscil-
lating field, which specifically interferes with radical
pair processes [4], the inclination compass response
was disrupted, whereas the response to magnetic po-
larity remained unaffected. These findings indicate
that the normal inclination compass used for migra-
tory orientation is based on a radical-pair mechanism,
whereas the fixed direction represents a novel type
of light-dependent orientation based on a mechanism
of a different nature.
Results and Discussion
Migratory birds and homing pigeons can locate their
migratory direction or home direction, respectively, with
the help of the geomagnetic field [5]. Their magnetic
compass is an “inclination compass,” based on the in-
clination of the field lines rather than on their polarity
[3, 6]. Looking for potential mechanisms that could me-
diate magnetic directions to organisms, Ritz and col-
leagues forwarded the radical pair model [1], proposing
that birds obtain directional information by magneti-
cally sensitive chemical reactions in specialized pho-
topigments. By photon absorption, molecules are ele-
vated to an excited state, where they form singlet and
triplet radical pairs, with the ratio between singlets and*Correspondence: wiltschko@zoology.uni-frankfurt.detriplets depending on the alignment of the respective
molecules in the ambient magnetic field (for details, see
[1]). This mechanism would provide axial rather than
polar information, which is in accordance with the func-
tional mode of the avian inclination compass [3, 6].
Strong support for the involvement of a radical pair
mechanism in the avian magnetic compass comes from
the recent demonstration of the disruptive effect of
high-frequency fields [4, 7]. Adding a weak oscillating
field in the MHz range to the geomagnetic field is a
diagnostic tool for identifying the nature of the underly-
ing mechanism, as it is expected to interfere with orien-
tation only if this orientation is based on radical pair
processes [1], while magnetite-based mechanisms, for
example, remain unaffected. At the same time, the ef-
fect should depend on the alignment of the high-fre-
quency field with the static geomagnetic field (see [4]
for details). In tests with migratory robins, weak oscillat-
ing fields resulted in disorientation when they were pre-
sented at an angle to the magnetic vector, while the
same fields did not disrupt orientation when presented
parallel [4, 7]. These results point out the highly specific
nature of the effect and clearly indicate the involvement
of a radical pair mechanism in the avian magnetic
compass.
The radical pair model assumes photon absorption
as initial step of the processes forming the radical
pairs, which would make magnetoreception light de-
pendent. This was found to be the case [8]. Behavioral
analyses with migrants and homing pigeons using
monochromatic lights showed that the avian magnetic
compass depends on the wavelengths of light; it nor-
mally requires light from the blue-to-green part of the
visual spectrum to provide birds with directional infor-
mation ([9–11], see [12] for review). However, these
studies also revealed a surprising dependency of mag-
netic orientation on the intensity of monochromatic
light. Normal orientation was observed only under a low
quantal flux in the range of 6 to 9·1015 quanta m−2 s−1,
i.e., at low light intensities found in nature more than
half an hour after sunset or before sunrise. Light of
identical spectral composition presented at 7-fold
higher intensities elicited odd responses such as axial
behavior or unimodal preferences that no longer coin-
cided with the natural migratory direction [2, 13, 14].
This seemed to indicate that the avian magnetic com-
pass was no longer working properly under these con-
ditions.
The present study is a detailed analysis of the orien-
tation responses under 502 nm turquoise light, a wave-
length in the middle of the blue-to-green range of the
spectrum. Migratory European robins, Erithacus rube-
cula (Turdidae), were tested during spring and autumn
migration at two light levels, at 8·1015 quanta m−2 s−1
and at the higher quantal flux of 54·1015 quanta m−2 s−1.
Table 1 summarizes the results and indicates statistical
differences between the various samples; Tables S1–
S3 giving the vectors of the individual test birds in the
different test conditions are in the Supplemental Data
available online with this article.
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1519Table 1. Orientation of European Robins under Monochromatic Turquoise Light with a Peak Wavelength of 502 nm
Quantal Flux: 8·1015 quanta m−2s−1
Season Magnetic Condition n Med. rb αN rN  C8
Autumn geomagnetic field 16 0.86 180° 0.90*** +176°***
Spring geomagnetic field 24 0.94 4° 0.84*** C8
Spring vertical component inverted 12 0.49 178° 0.65** +174°***
Spring horizontal component reversed
Spring Broad-band high-frequency field 12 0.44 172° 0.10 n.s. (+168°)***
Quantal Flux: 54·1015 quanta m−2s−1
 Two Light
Season Magnetic Condition n Med. rb αN rN  C54 Levels
Autumn geomagnetic field 16 0.55 360° 0.50* −10°** S 180°***
Spring geomagnetic field 12 0.93 10° 0.93*** C54 +6° n.s.
Spring vertical component inverted 12 0.77 12° 0.91*** +2° n.s. −166°***
Spring horizontal component reversed 12 0.81 182° 0.74*** + 172°***
Spring Broad-band high-frequency field 12 0.91 1° 0.78*** −9° n.s. (+171°)***
Abbreviations: n, number of birds tested; med. rb, median length of the individual birds’ mean vectors based on three recordings; αN, rN,
direction and length of the grand mean vectors based on the mean headings of the birds tested in the respective conditions, with asterisks
at rN indicating significant directional preferences by the Rayleigh test [37];  C, angular difference to the data recorded in spring in the local
geomagnetic field; the samples used for reference are indicated as C8 and C54, respectively. The last column compares the orientation under
the two light levels. Asterisks at the angular differences indicate significance by the Watson Williams test [37] if both samples are significantly
oriented, or by the nonparametric Mardia Watson Wheeler test [37] if one of the samples is not significantly oriented (in this case, the angular
difference is given in parentheses). S at asterisks indicates a difference in scatter. Significance levels: *p < 0.05; **p < 0.01; ***p < 0.001; n.s.,
not significant (p > 0.05).Seasonal Changes and Use of Inclination Compass
Under turquoise light of 8·1015 quanta m−2 s−1 in the
local geomagnetic field, the robins showed normal mi-
gratory behavior, with southerly headings in autumn
and northerly headings in spring. Tested in spring in a
magnetic field with the vertical component inverted,
the birds reversed their headings (Figure 1, upper dia-
grams). These findings are in excellent agreement with
previous experiments under “white” light and clearly
show that the orientation of the robins under this lightFigure 1. Orientation of European Robins under 502 nm Turquoise Light
Upper diagrams: T, 8·1015 quanta m−2s−1; lower diagrams: TT, 54·1015 quanta m−2s−1. Indices indicate the magnetic conditions of the tests:
gf, local geomagnetic field, vi, vertical component of the magnetic field inverted; hr, horizontal component reversed. The symbols at the
periphery of the circle give mean headings of individual birds based on three recordings; the arrows represent the grand mean vector drawn
proportional to the radius of the circle = 1. The two inner circles represent the 5% (dotted) and 1% significance border of the Rayleigh test [37].
can no longer be considered migratory orientation (seecondition was controlled by the inclination compass
normally used by birds [2, 5].
Under the brighter turquoise light with an intensity of
54·1015 quanta m−2 s−1, the behavior was very different
(see Figure 1, lower diagrams): the robins preferred
northerly headings in autumn as well as in spring; that
is, under these conditions, they did not show the nor-
mal seasonal change in headings. This identifies the
observed northerly tendency as a fixed direction that
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vertical component inverted, the birds did not reverse
their preferences and continued to head northward, in
contrast to their behavior under the lower light level. In
a magnetic field with the horizontal component re-
versed, however, they altered their headings accord-
ingly. This clearly shows that the observed fixed direc-
tion depends on the direction of the ambient magnetic
field, yet without involving the inclination compass. In-
stead, it appears to be a response based on the polarity
of the magnetic field.
Testing for the Involvement of Radical
Pair Processes
Responses to magnetic polarity are highly unusual in
birds and raise the question about the mechanisms in-
volved. We therefore tested the robins under turquoise
light of both intensities in an oscillating magnetic field.
In the present study, we used the same weak 0.085 T
broad-band oscillating field ranging from 0.1 to 10 MHz
that had disrupted migratory orientation in a previous
study [4]; it was added to the geomagnetic field in verti-
cal alignment, forming an angle of 24° with the geomag-
netic vector. The respective orientation responses in
spring are shown in Figure 2: at 8·1015 quanta m−2 s−1
light, the robins were indeed disoriented, indicating the
involvement of a radical pair mechanism, whereas at
54·1015 quanta m−2 s−1, they maintained a significant
preference of their northerly tendency.
Together, our findings indicate the following relation-
ships concerning orientation under the two different
light levels: headings in migratory direction observed
under low-intensity turquoise light are based on the in-
clination compass and involve radical pair processes,
whereas the fixed direction responses under higher
light intensity are responses to magnetic polarity based
on a different mechanism.
Inclination Compass based on a Radical
Pair Mechanism
Under low-intensity turquoise light, the birds obtain di-
rectional information that they use to locate their sea-
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bFigure 2. Effect of a Broad-Band High-Frequency Field of 0.1 to 10
MHz with an Intensity of 0.085 T on the Orientation of European
Robins Tested under 502 nm Turquoise Light in Spring
T, tests at 8·1015 quanta m−2s−1; TT, tests at 54·1015 quanta m−2s−1.
Symbols are as in Figure 1; solid symbols, data obtained when
the high-frequency field was added to the geomagnetic field; open
symbols, control tests in the geomagnetic field alone.
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wonally appropriate migratory direction. The compass
nvolved is an inclination compass, and the oscillating
ield effects indicate a radical pair mechanism as pro-
osed by Ritz and colleagues [1, 4, 7]. This part of our
esults fully replicates corresponding findings obtained
nder monochromatic 565 nm green light [4, 15]. Under
lue light, birds have not yet been subjected to high-
requency fields in the MHz range, but the normal sea-
onal change between spring and autumn as well as
he inclination compass have been demonstrated [9,
4, 16]. The same is, of course, true for the “white” light
hat was used in early tests documenting the magnetic
ompass of migratory birds [3, 17], as it is close to the
ight conditions under which birds orient in nature.
ence it seems safe to assume that the inclination
ompass based on radical pair processes is involved in
ll normally oriented compass responses under natural
ight and under monochromatic light from the short-
avelength part of the visual spectrum.
The earlier tests in high-frequency fields [4, 7] had
ndicated a radical pair mechanism, yet without allow-
ng us to distinguish whether the affected radical pair
rocess was part of the compass system itself or in-
tead part of another biochemical pathway also in-
olved in orientation behavior. The different effects on
he two types of responses in the present study now
nable us to further narrow down the affected process:
f oscillating magnetic fields interfered with a radical
air mechanism outside of the magnetic compass sys-
em, one would have expected disorientation in both
ypes of response. The observation that only the incli-
ation compass response was affected conclusively
hows that a radical pair process is indeed part of this
ompass mechanism.
ixed Direction Responses
nder 502 nm turquoise light of identical spectral com-
osition, but with about 7 times the intensity, the birds
riented with the help of the magnetic field in a funda-
entally different way. In spring, the observed fixed di-
ection coincides with the migratory direction, but this
eems to be pure chance—the autumn data clearly
how that it is independent of the physiological state,
nd with this, from the migration course of spring or
utumn migration. When birds are physiologically in mi-
ratory mood, their urge to head in the migratory direc-
ion is very strong; the observed fixed direction re-
ponse implies that the birds could no longer locate
heir migratory direction under these conditions. This
eans that monochromatic light at higher intensity dis-
upts the mechanism providing compass information
nd instead seems to force a certain heading upon the
irds. This response is possibly related to magnetic
lignment responses [13], i.e., specific orientations with
espect to the magnetic field quasi forced upon animals
y external stimuli, with a prominent example provided
y the dancing of honey bees along the magnetic
orth-south and east-west axes on a horizontal comb
n the absence of directing visual stimuli [18] (see [5]
or details and more examples).
This phenomenon is hard to explain. With 54·1015
uanta m−2 s−1, the “bright” light was not extremely
right—in nature, this intensity occurs about half an
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1521hour after sunset or before sunrise. Even considering
that the test light is monochromatic, the intensity of the
respective spectral band is found on a clear day about
20 min after sunset or before sunrise; our “bright” light
thus remains powers of ten below the intensity ob-
served in the corresponding spectral band on a bright
sunny day. In view of this, saturation of the receptors
can be largely excluded. Considering that birds are well
oriented in migratory or home direction under “white”
light of much higher intensity than our “bright” turquoise
light in nature or in tests (e.g., [6, 19, 20]), it becomes
obvious that it is the monochromatic nature of the test
light rather than its absolute intensity that interferes
with the magnetic compass. We do not know how many
receptors are involved in magnetoreception—there is
evidence that there are at least two types [20]—yet it
seems possible that the unnatural condition of a narrow
band of “bright” monochromatic light may cause a
large imbalance between the input of different recep-
tors at a higher level, with one or two receptors indicat-
ing bright light, while others are not activated at all. This
appears to lead to a situation that drives the system
detecting magnetic directions beyond its functional
limits, eliciting a different type of response.
Another most puzzling observation is that the fixed
direction response was not affected by the weak high-
frequency field, indicating that the underlying mecha-
nism differs from the radical pair process on which the
normal inclination compass is based. Our findings can-
not altogether exclude radical pair processes, but
would allow for another, less sensitive mechanism re-
quiring stronger oscillating fields to be disrupted. The
main problem in arguing for a second radical-pair mecha-
nism, however, is that it is difficult to reconcile with a
response based on magnetic polarity without further ad
hoc assumptions.
A Magnetite-Based Mechanism Involved?
Considering alternative mechanisms that may convey
directional information from the magnetic field, magne-
tite-based processes [21–23] appear to be the most
likely candidates. Magnetite crystals have been iden-
tified in the ethmoid region [24] and in the upper beak
[25, 26] of birds. However, electrophysiological [27] and
behavioral [28–30] studies indicate that magnetite-
based receptors in birds mediate information on mag-
netic intensity to be used in the navigational “map”
rather than compass information. Since details on the
magnetite-based receptors are not yet known, it cannot
be totally excluded that they additionally provide direc-
tional information; yet this possibility is not supported
by experimental evidence so far. Similar magnetite-
based receptors in trout also seem to mediate intensity
information rather than magnetic directions [31, 32]. In-
terestingly, a behavior that might represent a parallel
case to the response of our birds under bright mono-
chromatic light has been reported from amphibians, the
other group of animals using a light-dependent mag-
netic compass [33]. After certain pretreatments, sala-
manders showed an axial preference that roughly coin-
cided with the magnetic north-south axis under light of
similar quantal flux, with this responses discussed to
be an alignment based on tiny magnetite particles in
the heads of the animals [34].In case of our birds, however, a magnetite-based ex-
planation for the fixed direction response to magnetic
polarity meets with difficulties. A northern tendency,
roughly symmetrical to the polarity of the magnetic
field, would be conceivable on the basis of yet un-
known, normally not used directional information from
a magnetite-based system, yet this tendency under
54·1015 quanta m−2 s−1 turquoise light is not the only
fixed direction observed so far. For example, under
bright 565 nm green light of similar quantal flux, Austra-
lian Silvereyes, Zosterops lateralis, preferred a west-
northwesterly fixed direction in spring as well as in au-
tumn [13, 14]. In robins, we observed fixed directions
not changing between spring and autumn under bi-
chromatic lights that combined 590 nm yellow light with
424 nm blue, 502 nm turquoise, or 565 nm green light,
with both lights having the same low quantal flux of
8·1015 quanta m−2 s−1. In these cases, the fixed direc-
tion was southerly under blue and yellow, easterly un-
der turquoise and yellow, and northerly under green
and yellow [16, 35]. The specific manifestation of fixed
directions thus depends on the respective light regime,
which is hard to explain by assuming a magnetite-
based receptor; it rather suggests the involvement of a
light-dependent mechanism. Even if these responses
have not yet been analyzed in view of the inclination
compass or an underlying radical pair process, their
being characterized as fixed directions by not changing
between spring and autumn implies that they are of
similar nature as the response under higher-intensity
turquoise light analyzed here. Apparently, under certain
light conditions beyond the range where the magneto-
reception system based on radical pair processes can
function in a normal way, a light-dependent system still
provides signals that force the birds to head in certain
directions or that modify the output of a magnetite-
based or of another not yet identified system.
Conclusions
Magnetoreception is a highly complex issue, with dif-
ferent magnetoreception mechanisms indicated in dif-
ferent animal groups [36]. So it is unclear to what extent
our findings might be specific for the magnetoreception
system of birds and to what extent they can be trans-
ferred to other animals.
Birds show two types of light-dependent responses
to magnetic fields. One is based on radical pair pro-
cesses and constitutes an inclination compass that
provides normal directional information for navigational
tasks like locating the migratory direction [3], the home
direction [6], or other courses. The other type of response
is based on a fundamentally different mechanism and
seems to come into control under light regimes where
the inclination compass is no longer properly working.
To discover its nature is a great challenge for future re-
search.
Experimental Procedures
Test Birds and Housing Conditions
European robins are nocturnal migrants that breed in most parts of
Europe and winter in the Mediterranean countries. The test birds
were juveniles of Scandinavian origin caught as transmigrants dur-
ing autumn migration in the Botanical Garden near the institute in
Current Biology
1522Frankfurt. They were kept in individual cages under a photoperiod
simulating the natural one during the autumn tests. At the begin-
ning of December, the photoperiod was reduced to L:D 8:16, and
at the beginning of January, it was increased to L:D 13:10 to induce
preseasonal Zugunruhe (migratory restlessness) that allowed us to
test the birds again in spring migratory state in January. Testing
began shortly before the light went off in the bird housing room
and lasted about 75 min. For details of the test procedure, see [4].
Test Cages and Light Conditions:
The headings of the robins were recorded with our standard tech-
nique, using funnel-shaped cages lined with coated paper where
the birds left scratches as they moved (for a detailed description,
see [2, 10]). Each cage was surrounded by a cylinder, the top of
which consisted of a plastic disk carrying the light-emitting diodes
(LEDs) producing the test lights. For the tests in static fields, cage
and cylinder were made from aluminium; for the tests involving os-
cillating fields, all test cages and cylinders were metal free, made
from PVC.
The light emitting diodes (LEDs) producing the test lights were
mounted in rings, emitting turquoise light with a peak wavelength
of 502 nm and λ/2 at 486 and 518 nm, respectively. Light intensity
was 3.1 and 21.7 mW/m2, respectively, corresponding to light levels
as they are found in nature about 45 min and 35 min after sunset
or before sunrise, respectively, or, if only the intensity of the spec-
tral band between λ/2 is considered, about 33 min and 20 min after
sunset or before sunrise (these comparisons are based on measur-
ing a largely clear sky on 5 and 6 September at 50° latitude with
Spectrometer 1b-001293, Ocean Optics). The light intensity in the
test cages was regulated by modifying the electric current and the
number of LEDs activated and measured with Optometer P-9710-1
(Gigahertz-Optik). The light passed two diffusers before it reached
the bird.
Magnetic Conditions
The test rooms were wooden huts in the garden near the Institute
where the local geomagnetic field (46 T, 66° inclination) was un-
disturbed. The altered static fields were produced with the help of
large Helmholtz coils, changing only the direction, but not the in-
tensity, of the ambient magnetic field. The broad-band oscillating
field (frequencies ranging from 0.1 to 10 MHz, intensity 0.085 T)
was produced by a coil antenna consisting of a single winding of
coaxial cable with 2 cm of the screening removed opposite the
feed. It was mounted on a wooden frame, placed horizontally, sur-
rounding a group of four test cages. For details of the equipment
used, see [4].
Supplemental Data
Supplemental Data include three tables and can be found with this
article online at http://www.current-biology.com/cgi/content/full/
15/16/1518/DC1/.
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